Context. Management of overabundant or invasive species is a constant challenge because resources for management are always limited and relationships between management costs, population density and damage costs are complex and difficult to predict. Metrics of management success are often based on simple measures, such as counts, which may not be indicative of impacts on damage reduction or cost-effectiveness under different management plans.
Introduction
An important element in any wildlife management program, including for invasive species, is monitoring the state of the system (Hauser et al. 2006; Lyons et al. 2008; Fackler and Haight 2014) to allow for evaluation and refinement of management actions. To establish meaningful metrics of management success, it is important to define the management objective clearly. For many game species, the objective is to maintain a viable population while keeping the population under a success (Hone 1996) . When the underlying objective is costeffectiveness, then the impact on the population, the damage costs and costs for removal actions need to be combined to make the best decision.
A common method for monitoring managed wildlife populations is using count data, which can be harvest counts (Rupp et al. 2000; Linnell et al. 2010) , management take counts (Slade and Blair 2000) or index survey counts (DeMaso et al. 1992; Bengsen et al. 2011) . Many advancements have been made in how these types of count data are analysed, including (but not limited to) population reconstruction for harvest data (Gove et al. 2002) , removal models for take data (Zippin 1958) and distance sampling for count surveys (Buckland et al. 2001) . When populations are being actively controlled, take data from management actions are routinely collected. Removal models provide estimates of initial abundance, proportion removed, remaining abundance and removal rate (Farnsworth et al. 2002; St. Clair et al. 2012; Davis et al. 2016) . However, removal models require multiple removal events within a period of demographic closure, which is often not how management activities are conducted. In these cases, the metrics used to measure short-term success of management may not be indicative of long-term success (Shrnhur et al. 1997) , making it challenging to determine the probability of long-term success. When counts of take are the measure of success for short-term management, managers are incentivised to focus efforts in high-density areas, and shift resources when body counts decline, because it requires less effort to remove large numbers of individuals when population density is high. Therefore, conducting multiple removal events may not be thought of as cost-effective when only management costs are considered because management costs increase as population densities decline (Baxter et al. 2008) . Thus, counts of individuals removed could provide some measure of management success when population densities are high, but provide less information when population densities are low and, on their own, do not allow for assessment of whether a particular damage reduction objective was met.
Population growth rates and models can be used to project population size in time and, thus evaluate the time it takes for a population to rebound after a reduction event -the long-term impacts of management. If population management is sporadic or continuous, the rebound timing gives a sense of the level of management needed to make a lasting impact on the population. An understanding of long-term population dynamics allows for prediction of the effects of different reduction efforts on long-term damage reduction. In addition to potential non-linear impacts of population reduction on long-term management success, the impact of different population densities may relate non-linearly to wild pig damage (Hone 2002) . Damage is a complex and variable metric to estimate, but is important to quantify for ensuring that economic resources are being allocated efficiently.
Wild pigs (Sus scrofa) are a global pest species and an invasive species in the Americas and Australia (BarriosGarcia and Ballari 2012; Bengsen et al. 2014; Bevins et al. 2014) . Wild pig populations have grown and their range has expanded over the last three decades in the United States of America (Bevins et al. 2014; Snow et al. 2017) . Increasingly, resources have been applied to slow the spread of wild pigs and reduce the damage to crops, infrastructure and other species (Seward et al. 2004; Campbell and Long 2009; Bevins et al. 2014) . Many methods are currently in use to reduce wild pig population sizes, including aerial gunning (Campbell et al. 2010; Parkes et al. 2010) , trapping and snaring (Choquenot et al. 1993; Caley 1994; Williams et al. 2011 ), hunting (NaughtonTreves 1998 Waithman et al. 1999) , and new methods, such as toxicants and fertility treatments, are being developed (Cowled et al. 2008; Massei et al. 2008; Snow et al. 2017) . Aerial gunning is known to be an efficient method for removing wild pigs (Choquenot et al. 1999; Parkes et al. 2010; Davis et al. 2017) . While it is well documented that costs of removing pigs by aerial gunning increase dramatically as population decreases (Choquenot et al. 1999) , its cost-effectiveness in terms of damage reduction is unknown.
The relationship between damage and density is not well understood, particularly for wild pigs. Wild pigs cause an enormous amount of damage in the United States of America, with one estimate around USD1.5 billion in damages per year (Pimentel 2007) . There is considerable effort being employed to reduce the damage caused by this invasive species. Understanding the relationship between wild pig densities and the amount of damage they inflict is critical to reducing damage efficiently and cost-effectively because it helps inform how many pigs need to be removed to reach a desired damage level.
To improve the ability to predict cost-effectiveness of wild pig management programs, we analysed data from aerial gunning of wild pigs at three sites in Texas, USA. We examined effects of three damage-density relationships on potential costs and effectiveness of the wild pig damage management work to give examples of how these factors will influence the decision matrix of managers. Our specific objectives were to: (1) estimate the effectiveness and costs of repeating aerial gunning over the same space -both in the short and long-term; (2) quantify factors that affect effectiveness of aerial gunning; and (3) examine the effects of different wild pig density-damage relationships on effectiveness and costs.
Methods
We conducted wild pig reductions in three habitats in Texas. Site 1 was an open semiarid desert habitat along the Pecos River in Culberson, Reeves, Loving and Ward counties. Most of the 850-km 2 site consisted of shrub land and barren land, with less than 2% of either woody wetlands or cultivated crops immediately around the Pecos River (Homer et al. 2015) . Site 1 was in the trans-Pecos portion of the state and removal work was conducted in this area to prevent the spread of wild pigs north and west and prevent future damage, rather than to reduce current damage. Thus, damage reduction was not a direct objective at this site. Site 2 was a 105-km 2 area in dense cedar and live-oak habitat in Burnet County. Approximately 65% of Site 2 was forested, 32% was shrub and grassland, with <3% developed open space and open water (Homer et al. 2015) . Site 3 was a 122-km 2 area in a coastal plain habitat in Matagorda County. This site had woody wetlands as a dominant feature (49%), 20% was pastureland, 15% was shrub and grassland and~7% dense hardwood (Homer et al. 2015) . In Sites 2 and 3, damage reduction was the main objective. All study areas are on private land and were conducted at the request of the landowner.
We used aerial gunning from helicopters to remove wild pigs from each study area. Aerial gunning was conducted by the United States Department of Agriculture (USDA) Animal and Plant Health Inspection Service (APHIS) Wildlife Services (WS), which provides wildlife control assistance to land owners based on the authority of the Animal Damage Control Act of 1931 (7 USCA x 8351 -8354) and in compliance with the National Environmental Policy Act (42 U.S.C. x 4321). The objective was to remove (kill) all pigs encountered; the search strategy used was based on the expert opinion of the pilot and gunner team and included searching the entire study area. Flights over Site 1 were conducted in April 2016, flights over Site 2 were conducted in June 2016, and flights over Site 3 were conducted in July 2016. Three flights per site were conducted on subsequent days. We had two pilot and gunner teams (A and B). Team A had 10-12 years of experience conducting aerial gunning, and Team B had 5-7 years of experience conducting aerial gunning. In Site 1, Team A flew on the first day, then Team B on the second day, and then Team A again on the third day. This was the same for Site 3, but the order was switched for Site 2. Flights were conducted with minimal winds (considerably less than the visual flight rules requirements of 26 kn) and no precipitation. Total flight times were generally between 6 and 8 h per day, excluding time on the ground for refueling. Twelvegauge shotguns were used with double-aught buckshot. Care was taken to ensure all shot animals were killed (animal was seen to collapse and was often double tapped -two shots fired in rapid succession at the same target, and shot animals were flown back over to verify they were down before moving on). The number of animals removed and the hours in the helicopter were recorded for each flight.
We estimated abundance from the aerial gunning data using a removal model that simultaneously estimates abundance and removal rates from counts of removed individuals (Farnsworth et al. 2002; Royle and Dorazio 2006) . We implemented the removal model in a hierarchical Bayesian framework that accounted for variation in removal effort (Davis et al. 2016) . Removal models require multiple reduction events within a time period in which there is demographic closure (no births, deaths, immigration, and emigration). Removal estimators are advantageous for monitoring abundance of invasive species because they directly use data from control events (Zippin 1958; Farnsworth et al. 2002; Chee and Wintle 2010) for estimation of abundance pre-control. From the estimates of abundance pre-control and numbers of individuals removed, the proportion by which the population is reduced due to control can be derived. We also incorporated covariates on removal rate; specifically, personnel and habitat (see Supplementary Material 1 for model details). We compared the removal rates for the two pilot and gunner teams, and examined the relationship with the proportion of forest cover (as determined from Homer et al. 2015) . We estimated the population remaining after each flight by subtracting the number removed by flight from the estimate of initial abundance. We then derived the proportion of the population removed by each flight by dividing the number removed by each flight by the estimated population size pre-flight.
To examine the long-term impact that reductions had on populations, we used a standard logistic population growth model (Sibly and Hone 2002; Otto and Day 2007) to predict abundance at 1, 3 and 5 years following a reduction event. We used estimates of population growth rate and density dependence from previous studies to provide the boundaries for our modelling (Caley 1993; Bieber and Ruf 2005; Timmons et al. 2012; Mellish et al. 2014) . Previous studies on wild pig populations have estimated growth rates ranging from 0.85 to 1.63 (Bieber and Ruf 2005) , with the majority of growth-rate estimates between 1.15 and 1.35 with a mean of 1.24 (Bieber and Ruf 2005; Timmons et al. 2012; Mellish et al. 2014; Moretti 2014) . We examined a range of growth rates (l) from 1 to 2 to provide a broader picture of population growth rates that may be exhibited.
Management programs for wild pigs are often aimed at reducing damage caused by wild pigs. Damage costs can range from quantifiable assessments of lost crops, infrastructure repairs and livestock feed loss, to more abstract costs associated with disease risks, landscape rooting and predation or competition of native imperilled or game species. Damage costs are a combination of all of these factors; however, there are areas with little or no current damage costs but with the potential for great damage if wild pigs are able to establish a population in an area. Therefore, damage reduction can be in current costs as well as the prevention of future costs.
The relationship between wild pig population densities and damage incurred by wild pigs is not well known, but studies have suggested that the damage-density relationship for species in general is not necessarily linear (Hone 1995; West and Parkhurst 2002) . To demonstrate the importance of knowing the shape of the damage-density relationship for wild pigs, we show the impacts of damage under three potential relationships ( at low levels of density the damage is high); and exponential (only at high levels of density is the damage high). We compared percentage damage reduction after 1, 3 and 5 years by varying levels of percentage population reduction (ranging from 0% to 100% reduction) and growth rate (l = 1-2) under the three damage relationships. The damage was not explicitly estimated directly at the sites in our study. Therefore, we examined hypothetical damage costs to examine the cost-benefits of different levels of management effort. Damage can be to crops, pastureland or infrastructure. In our study areas, the damage was on pastureland. The costs may depend on the type of damage, so we examined a range of values based on average values for different land types per acre and different numbers of acres. The range is flexible ($0-$150 000) to account for different types of damage and different sizes of properties. We used the range of damage costs to compare the relative damage costs and management costs of wild pigs across a range of percentage population reductions (0% to 100%). Estimated costs of helicopter removal work was based on the hourly rate charged for the reduction work we conducted (USD625 per hour).
Results
We removed 324, 147 and 362 wild pigs from Sites 1, 2 and 3, respectively, across all flights conducted. The total number removed by flight and the time spent in the helicopter are shown by site and flight in Table 1 . We estimated initial abundance at Sites 1-3 to be 413 (95% credible intervals -CI: 297 -481), 268 (95% CI: 200-318), and 545 (95% CI: 387-646), respectively (Fig. 2) . The average proportion of the population removed after the first flight was 31% (s.e. = 6%), cumulatively after the second flight was 56% (s.e. = 15%), and cumulatively after the third flight was 67% (s.e. = 12%).
Removal rates differed based on the pilot and gunner team (Fig. 3A) . In our example, Team A had a lower hourly removal rate (0.03 95% CI: 0.02, 0.04) than Team B (0.05 95% CI: 0.04, 0.06, Fig. 3A) . We found removal rate decreased as percentage cover increased (b = -0.55 95% CI: -0.79, -0.27, Fig. 3B ).
Growth rates impacted the linear damage relationship more substantially than either the saturating or the exponential relationships (Fig. 4) . At slower growth rates, there was still damage reduction for all density-damage relationships after 5 years when 40% or less of the population was removed (Fig. 4) . The hours of aerial gunning required grew exponentially as the proportion of the population removed increased (Fig. 5A) . When the hourly removal rate was greater than 0.1, the effort required to remove up to 90% of a population was reasonable (<20 h of flight time, Fig. 5B ). If the hourly removal rate was 0.04 (as was the average in our study), the effort needed to remove more than 90% of the population was more than 45 h (Fig. 5A) .
The relationship between the reduction in damage costs and removal costs is an important factor in evaluating the cost-effectiveness of management actions. For a saturating damage-density relationship, the population needed to be reduced substantially (80% or more) for the damage reduction costs to outweigh the removal costs (Fig. 6A) . The total costs for the linear relationship and the exponential relationship only showed high overall costs when the initial damage costs were high and the population reduction was low (Fig. 6B, C) .
We compared the overall costs with the initial damage costs to determine if the resulting removal effort resulted in an economic gain or loss over doing nothing. For the saturating relationship, we found that damage costs must be greater than USD50 000 and more than 60% of the population must be removed to see an economic gain over baseline damage costs (Fig. 6D) . If the damage relationships were either linear or exponential, there was generally a cost saving to removing at least some portion of the population for almost all levels of damage (Fig. 6E, F) .
Discussion
For other ungulate species, the damage-density relationship has been estimated to be high even at low densities -similar to the saturating relationship we presented (Gill 1992; Hone 2002; West and Parkhurst 2002) . Under the saturating relationship, we found that the proportion of the population that needs to be removed in order to have a substantial effect on damage can be greater than 80%. If a saturating relationship is representative of the damage-density relationship for wild pigs, our results suggest that it may be more cost-effective to conduct repeated removal events within a short time frame than to spread the same effort over a longer period or a larger area, especially at high-damage sites. In contrast, if the density-damage relationship is linear or exponential, substantial damage reduction can occur by reducing the population by 50%, or only 20%, respectively, both of which are substantially different levels of management effort. Thus, empirical work 150 000 . Estimated total costs (damage costs plus management costs; top row) and cost savings over doing nothing (bottom row) for a range of initial damage costs (y-axes) and proportions of the population removed (x-axes) under three damage-density relationship scenarios: saturated (A and D), linear (B and E), and exponential (C and F). The total costs are shown ranging from low costs (blue) to high costs (red). The cost savings are shown in white when the costs are similar to the initial damage costs, blue for cost savings, and red for additional costs over the initial damage costs.
to determine the shape of this relationship is needed for managers to estimate the most cost-effective actions for a particular level of damage. Once this relationship is better understood, we can compare actual management costs to damage costs. The damage-density relationship may not be constant across space and time, and management efforts are often conducted under the assumption that the damage reduction is greater at different times of year. For instance, the relationship between damage and density may be saturating or linear at some times of the year, but exponential at others. Managers may time removal events to occur immediately before planting or harvesting of specific crops, such as peanuts, because these crops are only targeted by pigs at those times of the year. In these cases, doing only two removal events -one right before planting and one right before harvest -may be the most cost-effective damage reduction strategy compared with conducting several flights in the middle of the growing season. Additionally, the removal rate is known to vary at different times of the year due to weather and seasonal deciduous canopy cover. Therefore, in addition to the fluctuating potential to reduce damage, the cost-effectiveness may change throughout the year due to changes in the costs of removing individuals. These are standard considerations that managers account for when planning removal work and are necessary to account for in models for management effectiveness.
We have provided a simplified version of how a damage-density relationship may look, and shown how important that relationship can be in connecting management to the objective of damage reduction. Single removal events can be beneficial for many reasons, even if the cost calculations do not suggest the reduction in damage is greater than the cost of removals. Aerial efforts may be employed to access sites that are not feasible to access from ground efforts (e.g. trapping or ground shooting) or to target areas that are particularly vulnerable to damage (e.g. predation of livestock, growth stage of crops). Additionally, the damage-density relationship may be more complex because different age classes or the different sexes might have a different impact on the damage incurred. While young pigs may be more influential on population growth, a single adult boar can cause a substantial amount of damage to the landscape. Thus, it may be most effective to use a removal strategy that targets the subset of the population that has the largest effect on the underlying objective (e.g. long-term population reduction or immediate damage reduction).
Reducing wild pig populations has the potential benefit of reducing damage costs; however, the reduction events are not without costs themselves. As a larger portion of the population is targeted for reduction, the costs of reduction increase exponentially (our results and Choquenot et al. 1999) . The costs to implement reductions in populations can be compared with the potential cost savings of damage reductions, which may help justify expenses for removal work. Examining these cost trade-offs up front can be considerably beneficial for budget planning. In particular, population projections can help justify the need for large, up-front contributions to management efforts because these large initial investments may result in considerably lower long-term costs. In contrast, consistent smaller investments in removal work over time may have the same management costs as one initial, intensive reduction effort, but the long-term damage costs may be considerably higher as these may be simply 'mowing the grass' and not pushing a population towards elimination.
The damage-density relationship heavily influences how much population reduction is necessary to induce a cost savings. Generally, if the relationship is linear or exponential, doing almost any removal results in a cost savings unless there are little or no damage costs. Additionally, it is important to consider that reducing future damage costs by reducing the spread of the species to new areas, and preventing damage from occurring, may result in future savings. Site 1 is an example where the primary objective was to prevent the spread of wild pigs on the border of their range in Texas, to prevent future damage in neighbouring areas. Thus, even if current damage costs are low, anticipated future damage costs may warrant an immediate expenditure. Our results on the relationship between damage costs and population density could be used either for planning management against current damage levels or anticipated damage levels. However, the cost savings we show are short-term savings, not accounting for potential effects of management on suppressing geographic spread, which could lead to additional cost savings that we have not incorporated, presenting a challenge for future work. There is considerable value in examining these potential future costs that may result if wild pigs are allowed to spread to new areas. An actual accounting of the theoretical damage to a new area may make a strong case to focus removal efforts in areas with little current damage but that are on the edge of an invasion front instead of in areas with high current damage since the long-term damage may be considerably higher if the invasion is allowed to continue.
Repeated reduction events allowed us to estimate the abundance of wild pigs in each of our study areas while simultaneously reducing their numbers. In our study areas, we reduced the populations by an average of 31% after one flight and an average of 67% by the completion of three flights. If we had not conducted multiple removals, and thus were not able to estimate abundance, we would only have known that we had removed 157, 71 and 161 individuals in the respective sites (after one flight). In this case, we may have expected that we had impacted Sites 1 and 3 similarly because they had a similar number of animals removed, when in fact we had removed almost 40% of the population in Site 1 and only 30% of the population in Site 3. If we were to assume that both populations were at carrying capacity before management, this 10% difference in remaining population could mean 96 more days before the population in Site 3 returned to carrying capacity (i.e. potentially more time with fewer pigs causing damage on the landscape). This can be an important distinction when the objective is to reduce damage, which requires deciding how much control is cost-effective.
We also demonstrated how repeated flights can have a substantial impact on the population. Naïve removal rates based on the number of animals seen but not killed (due to pigs taking shelter in dense cover or no-fly zones), were very high (88% in this study and 94% in Davis et al. 2017 ). Our removal model demonstrates that the removal rate per flight was~27% (based on an eight-hour flight and our estimated hourly removal rate of 4%) since many pigs go undetected. Our results show that additional flights lead to observing and thus removing more pigs and can produce costs savings (Fig. 6) , suggesting that multiple flights over the same space can be cost-effective especially when damage reduction is the objective. Since we demonstrated how removal rates can vary by personnel and habitat (Fig. 3) , the cost-effectiveness will vary under different personnel and habitat types. However, it is always important to recognise that as resources are limited, flying multiple times in one area will prevent having more flights over a wider area. Therefore, we may see considerable damage reduction in one site, but this could result in no damage reduction in other sites. The short-term damage costs may be equivalent at a broader spatial scale when conducting intensive removals in one area or less intensive removals on a broader area. The long-term benefits may vary, and examinations of these trade-offs is another important factor to consider for efficient management planning.
Another advantage to knowing the proportion of the population reduced by management is that the longer-term (in our case up to 5 years) effects of population reduction can be estimated when changes in abundance are known. Our results show that longer-term impact to a population was more affected by the proportion of the population removed compared with the growth rate except when the growth rate was high (>1.8), indicating the importance of removing a larger percentage of the population to optimise management efficacy on a property or in an area.
Wildlife management is always conducted under constrained resources while attempting to address multiple management objectives (e.g. conserving native and game species, reducing invasive or overabundant species, protecting natural or agricultural resources), while satisfying the diverse interests of stakeholders (e.g. land owners, government agencies and a plethora of publics). Therefore, managing an overabundant population like wild pigs needs not only to be considered in terms of the most cost-effective strategy but also in what decisions maintain or improve stakeholder opinions and support. In some cases, it may not be cost-effective nor logistically possible to visit a property multiple times; however, the benefit in terms of fostering good relationships may be invaluable. The management strategies that ultimately are most beneficial for the landscape as a whole will be a balance of strategies that foster good relationships with stakeholders and ones that reduce the populations most effectively.
Management implications
We showed how cost-effectiveness of wild pig damage management by aerial gunning can be evaluated using removal data and population models. Despite the common belief that it is not cost-effective to conduct repeated flights over the same space within a short time frame, our results showed that repeat flights can increase cost-effectivenessespecially when damage levels are high or the damage relationship is saturating. However, if damage levels are low or if the damage-density relationship is exponential, conducting one flight might be the most cost-effective approach. Our study was focussed on three sites in Texas where aerial gunning for wild pigs is a common management technique. In other states or in locations with generally lower densities there would be a much different cost-benefit calculation. However, the rational for monitoring during management and considering costs of damage and removal still hold. In cases where resources for conducting damage management are limited and locations are prioritised by landowner demand, our approach to estimating program-wide cost-effectiveness could be applied to data from a subset of areas to make inference in the broader system. Therefore, targeted checks on population efficiency and cost-effectiveness may be a practical approach while gaining important information.
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